A semi-cylindrical natural convection solar tunnel drier (STD) was used for experiments to dry maize cobs that were partially field-dried. The air temperature recorded in the collector unit was higher than ambient temperature by 15. . The averages of relative humidity that prevailed in the drying unit ranged from 6.8 % to 18.2 % whereas the ambient relative humidity averaged from 27.3 % to 43.7 %. Drying time was examined with moisture content ratio as exponential and polynomial correlations. Fourteen different drying mathematical models available in literature were compared using their coefficients of determination to estimate solar drying curves. Based on statistical analysis of the results, Midilli drying model had the best fit to the experimental drying data of maize with a coefficient of determination R 2 = 0.99912 as compared to other models.
Introduction
Maize is Zambia's staple food and is grown widely throughout the country and provides 60 percent of all calories consumed in Zambia (Chisanga et al., 2015) . Jazayeri and Amani (2004) reported that maize accounts for over 30 % of lower-income households and contributes 50 % of protein intake. Smallholder maize farmers produce 79 % of Zambia's 1.2 million metric tons annual food requirement (JAICAF, 2008) . On average maize production amongst smallholder farmers varies between 1.2 and 1.6 metric tons per hectare (Chiona, 2012) .
Once the maize seed has been planted, physiological maturity is attained between 130 and 160 days. This is dependent on the variety. At this stage the crop has a moisture content of about 30 percent, and can be harvested provided that adequate drying facilities are available (EIP-AGRI, 2015) . As a result of lacking suitable drying facilities, small-scale farmers are compelled to harvest their maize long after it has reached physiological maturity. EIP-AGRI (2015) , reports that harvesting may be delayed by up to two months in order to allow the maize to dry. Delays in harvesting inevitably leads to problems such as exposure to attacks by termites, rodents, domestic animals and infestation by insects.
The traditional practice of drying grain has been to spread the crop on the ground, stooking the maize stalks and drying over fire places. The above mentioned drying techniques leave the crop exposed to the elements of inclement weather (high relative humidity and rainy conditions) and theft. It also delays preparation of the field if a winter crop is to be grown. The crop will not be dried sufficiently if weather conditions are too cloudy and humid and this can result in high losses.
As a result of the challenges associated with open-sun drying, drying grain can be enhanced by utilizing solar energy through the use of solar driers. In this research, a solar tunnel drier using natural convection of air movement was used to dry cob maize with a view to reduce postharvest losses associated with the traditional methods of drying. 300 and 500kg of goods to be dried. For the current research, a 5-m long by 2-m wide semi-cylindrical natural convection solar tunnel drier was fabricated and used in the experiments. One half of the base plate was painted black and served as the collector and transformed incoming sunlight into heat. In the process the heated air becomes relatively dry and is then displaced by natural convection over the food to be dried, where it takes up moisture and finally exits through the chimney. Incoming sunlight on the drying chamber of the drier additionally helps to evaporate moisture from the foods.
Many studies have been reported on thin-layer drying of agricultural products and food materials (Agbossou et al., 2016 , Agarry et al., 2014 , Hossain and Bala, 2007 , Akpinar et al., 2003 . Drying of cereals and fruits has been reported in a considerable number of works (Basunia and Abe, 2001 ) . Literature does not show that any studies have been conducted on thin-layer drying of maize cobs using a natural convection solar tunnel drier. Therefore, the objective of this study is to assess thin-layer drying of maize cobs under natural convection and weather conditions of Zambia.
Materials and Methods

Materials
The maize cobs used during the drying experiments were grown at the University of Zambia, School of Agricultural Sciences Field Station. The crop was for the 2016/2017 season and the variety used was SEEDCO 513, which is a medium maturing seed. The maize was harvested manually and taken to the experimental site. 
Experimental Apparatus
For this work, a semi-cylindrical solar tunnel drier was employed to dry maize cobs. The drier is made up of a flat plate air heating collector unit painted black, a drying chamber and a covered flat plate solar chimney. Ultraviolet treated transparent greenhouse plastic was used to cover the collector, drying chamber and chimney units. The maize cobs were placed on a drying tray in a thin-layer in the drying chamber. Figure 2 below shows a picture of the drier. The entire assembly was positioned on a raised platform, 60 cm above the ground. Air movement in the drier was achieved through natural convection by buoyant pressure resulting from a temperature difference between the air in the chimney and that in the ambient.
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Experimental Procedures
Measurements of temperature were taken at the exit of the air heating collector, the exit of the drying unit and at the exit vent of the chimney using three thermocouples (Campbell Scientific, Model T108, accuracy ±0.2 ℃). Ambient temperature and ambient relative humidity were measured by a relative humidity probe (Model HMP60-L, accuracy ±0.2-%) which was placed in open air near the drier. A pyranometer (Kipp and Zonen, Model CM11, accuracy ±0.5 W/m 2 ) was used to measure the intensity of the solar radiation. All these probes were connected to a multi-channel data logger (Campbell Scientific, Model CR1000) which was also connected to a laptop; and readings were taken every minute from the beginning of a drying day at 09:00 hours up to 16:00 hours daily until the maize cobs reached a safe moisture content of 12.5-%. Samples of nine cobs were used to measure weight loss every one or two hours. The cobs were placed in such a way that three cobs were in the front, three in the middle and three at the end of the drying unit. A digital balance (Metter, Model PE3000, accuracy ±0.1g) was used to measure the changes in weight of the maize cobs. Having determined the initial moisture content before each experiment, the moisture content at any given time was calculated from the weight of the product samples and the dried solid mass of the samples.
Wind speed was measured using a digital airflow meter (Model TES 1340, accuracy ±0.1 m/s) at the entry to the drier, the exit of the collector unit, the exit of the drying unit and the exit of the chimney.
For each drying experiment, 134 kg of maize cobs were placed in the drier. Before each experiment, samples of maize were selected to determine the initial moisture content of the maize cobs. Cobs weighing between 782.0 g to 1214.7 g were weighed on a digital balance and then placed in the convective oven (Jeio Tech, Model ON-02G, accuracy, ±0.5 %) set at a temperature of 103 o C for 72 hours to completely remove the moisture (Loewer et al., 1994) . Figure 3 below shows the maize being dried in the Solar Tunnel Drier (STD).
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Mathematical Modelling of Solar Drying Curves
As the drying process proceeds, the moisture ratio of samples can be expressed by the following equation (1) MR = (X t -X e ) / (X o -X e ) (1) MR represents the dimensionless moisture content ratio; X t , X o and X e are the moisture content at any given time, the initial moisture content and the equilibrium moisture content, respectively (Agbossou et al., 2016) .
By using fourteen different mathematical models (Table 1) , drying curves were fitted to the experimental data using regression analysis. (Agbossou et al., 2016) In this study, the theoretical model employed is dependent on Fick's law. It takes into consideration the Vol. 7, No. 2; 2017 geometric shape of a sphere, ignores the grain volumetric variation and considers the known moisture condition at the surface of the grain.
Data Analysis
To determine the statistical parameters regression analysis was performed by employing the Excel Solver-add in, which is a statistical computer programme. The moisture ratio (MR) was reduced to X/X o as opposed to (X t -X e )/ (X o -X e ) (Diamante and Munro, 1993, Yaldiz et al., 2001a) .
The reduced Ӽ-square, root mean square error (RMSE) and modelling efficiency (EF) were used as the primary criteria to select the best equation to account for variation in the drying curves of the dried samples (Ozdemir and Devres, 1999 , Yaldiz et al., 2001b , Gupta et al., 2013 . To determine the goodness of fit, the reduced Ӽ-square, which is the mean square of the deviations between the experimental and calculated values, was used. Lower values of the reduced Ӽ-square indicate a better goodness of fit. The RMSE gives the deviation between the predicted and experimental values and it is required to reach zero. The modelling efficiency (EF) gives the model's ability and its highest value is 1. To calculate these statistical values, the formulae given below were used:
where MRexp,i is the experimental moisture ratio found in any measurement and MRpre,i is predicted moisture ratio for this measurement. N and n are the number of observations and constants respectively .
Results and Discussion
The changes in the ambient air temperature, relative humidity and solar intensity during the experimentation are shown in Figure 4 These results show a close relation to the result for chilly drying in farm solar drier and for grape drying in solar tunnel (Vijaykumar et al., 2012 , Vijaykumar et al., 2010 , Desai et al., 2009 ).
The graph also shows that the ambient relative humidity remained high during the drying experiment with highest value recorded at 09:00 hours reading 55.7 %. The relative humidity in the collector and drying units did not vary much as the drying progressed with values of 32.1 % and 28 % recorded at 09:00 hours, respectively. In the chimney, the relative humidity was lower than the ambient one. The relative humidity continued reducing until later in the day when it started increasing despite the decrease in solar intensity.
There is a direct relation showing that the higher the drier and collector unit temperatures, the lower the relative humidity in the same units. A mean drying unit temperature of 45. In order to authenticate the goodness of fit of each model to the generated data during the maize drying at different ambient variation temperatures, statistical parameters were obtained. These parameters are shown in Table 2 below.
eer.ccsenet.org Energy and Environment Research Vol. 7, No. 2; 2017 The drying data as the moisture ratio (MR) versus drying time were fitted to fourteen mathematical models. Figure 8 shows the result of regression analysis done using the Excel Solver add-in computer programme and the variation of moisture ratio versus drying time for Midilli mathematical model. From Table 2 , all the models R 2 were greater than 0.9 indicating their acceptability (Madamba et al., 1996) . The constants and coefficients of the accepted model for the solar tunnel drying of maize cobs are shown below. The Midilli model provided a good conformity between experimental and predicted moisture ratios. The experimental data generally grouped (that is, almost all points lying on the straight line) around the curve for the predicted moisture ratio. This shows the credibility of this model in describing solar drying characteristics of maize cobs. 
Conclusion
This study has revealed that the semi-cylindrical natural convection solar tunnel drier can successfully be used for drying maize cobs. All the drying of the maize cobs took place in the falling rate period as the cobs had lost all the free moisture before being harvested. The maize dried in the solar tunnel was protected from dust contamination, insects and birds.
Fourteen different mathematical models were fitted to thin-layer experimental drying data in order to explain the drying behaviour of maize cobs. These models were compared according to their statistical parameters: R . From the results of thin layer drying of maize cobs, the Midilli et al model was found as the best model which could be used to predict the moisture content of the product.
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